
A S A  CR - 7 2 8 1 0  

C.L. Jones  and  R. 

s 
ELECTRON TUBE DIVISION 
S A N  CARLOS, CALIFORNIA 

P r e p a r e d  f o r  

T l C S  s 

IS R E S E A R C H  CENTER 



T ICE 

ccount of Gove t 

National Aeronautics and Space 
nor any person acting on behalf 

A) ants o r  repres 
ed, with res  

accuraq ,  completeness, o r  usefulness of 
the information contained i n  this report, 
o r  tha t  the use of any information, 
atus, method, o r  process disclosed i n  this 
report  may not infringe privately owned 
r ights ;  or 

Assumes any U a b i l i t i e s  with res  B) 
f o r  damages resu l t fn  
infonnation, apparatus, method 

o r  process disclosed i n  this report. 

As used above, "person acting on behalf of NASA" 
includes 
employees of such contractor, t o  the  extent tha t  
such employee or contractor of o r  employee 

vides access t o ,  n pursuant t o  his 
employment o r  co A, o r  his employment 
with such contractor, 

employee or  contractor of NASA, or  

of such contract nates, o r  pro- 

Request f o r  co 8 report  shmld be r 

s 
T 



NASA CR- 72810 

F I N A L  REPORT 

EXPERIMENTAL V E R I F I C A T I O N  OF THE 
DESIGN OF A HIGH EFFICIENCY LINEAR 

INJECTED BEAM CROSSED-FIELD A M P L I F I E R  

bY 

C.L. Jones and R.W. H e r r i o t t  

ELECTRON TUBE DIVISION 
960 INDUSTRIAL ROAD * S A N  CARLOS, CALlFORNIA 

Prepared for 

NATIONAL AERONAUT I C s  AND SPACE ADMINISTRATION 

A u g u s t  5, 1970 

NASA L e w i s  R e s e a r c h  C e n t e r  
C l e v e l a n d ,  Ohio 

P e t e r  R a m i n s 9  P r o j e c t  Manager 



TaBLE OF CONTENTS 

Section 

1 e 0  

2.0 

3.0 

4.0 

5.0 

6.0 

7.. 0 

8.0 

9.0 

10.0 

11 .o 

12.0 

T i t l e  

S 

DEVICE DESCRIFTION 

OPTIMIZATIDN STUDIES 
4. 1 Interaction Circuit  
4.2 Ten Stage Depressed Collector 
4.3 Plate Efficiency (Overall Efficiency) 

ASSE3MBLY OF THE EXPERlMENTAL AMPLIFIER 

TEST APPARATUS 

VERIFICATION OF PERF'ORMANCE 
7 - 1  Ten Stage Depressed Collector 
7.2 Experimental Amplifier 

EVALUATION OF EFFIClENCY 
8.1 Phase Focusing 
8,2 Beam Prebunching 
8.3 Potent ia l  Limiting 

SUMMARY OF RESULTS 

DEVICE IMPROVEMENT 

SYMBOIS 

APPENDIX A 

ENKANCEDBNT TECHNIQUEs 

Relative Beam Injection Position 

APPEXDM B 
Optimum Beam Voltage 

APPEMDIX c 
Laminar Beam Potential  Profile 

Page 

1 

3 
1 2 

8 
10 
25 
27 

30 

36 

38 
39 
43 

51 
52 
52 
63 

68 

71 

73 

76 

78 

80 

81 

iii 



FIGURES 

Number Ti t le  Page 

1 

2 

3 
4 
5 
6 
7 
8 
9 

10 

11 

12 

13 

14 
15 

16 
17 
18 
19 

20 

21 

22 

23 
24 

25 

Forward-Wave Nun-Reentrant IBCFA Schematic 

Typical Plate Efficiency vs Relative Beam Injection 
Position 

Ekp a No. 2A025110 Attenuation 

Attenuation f o r  Qptimum Karp Circuit 

Plate Efficiency vs Electronic Efficiency 

Experimental Amplifier 
Photo of Ekperimental Amplifier 
Electron Gun 
Photo of Electron Gun 

Test Set-up 
J k p .  No. 2AO16114 - Collector Performance 

Ekp. No. 2A016114 - Beam Potential Profile 
Exp. No. 2A016114 - Output Power and Plate 
Ef ic iency  vs Frequency 
EKp. No. 2A016114 - RF Dynamic Range 

E@. No. 2A016114 - Phase Linearity and Output Power 
vs Frequency 
Hot Circuit Phase Velocity vs Interaction Length 

Positive Line Beam Prebunching 
Negative Line Beam Prebunching 

7 
15 

18 

79 
29 
31 
32 
34 

35 
37 
41 

44 
45 

48 

49 
53 
54 
56 

Negative Line Beam Prebunching Output Power vs Inter-  
action Length 57 
Beam Prebunching 59 
Normalized Confining Power vs Bunch Size 

Beam Prebunching by Potential  Limiting 
60 
62 

Cross -Section of a Distributed Depressed Collector 
Normalized Output Power and Potential Limi t ing  
Current vs Potential L i m i t i n g  Voltage 
Collection Efficiency vs Potential  Limiting Voltage 

64 

65 
67 



ABSTRACT 

This report discusses the design of a long l i f e  (greater  than 

2 years),  high efficiency l inear  injected beam crossed-field 

amplifier including a ten  stage depressed col lector .  The cw 

design is  experimentally ver i f ied i n  a low duty demountable 

amplifier. 

and a p la te  efficiency, i . e .  overall  efficiency, greater than 

65 percent a t  5 kw peak output power and 2 GHz are  demonstrated 

along with a 10 percent saturated 3 db bandwidth. 

A collector efficiency i n  excess of 87 percent 

Methods other than the depressed col lector  a r e  evaluated f o r  

improving the overall  efficiency of the device. 

include potent ia l  l imiting, phase focusing and beam prebunching. 

Potent ia l  l imiting is shown i n  the experimental amplifier t o  be 

a method leading t o  s ignif icant  overall  efficiency enhancement 

i f  no other collector is  used. 

These methods 



SECTION 1 

SuMMlLRy 

In t h i s  report, a design procedure i s  discussed f o r  a high effic- 

iency l i nea r  injected beam crossed-field amplifier (IBCFA) , includ- 

ing a ten stage depressed collector.  The collector makes available 

f o r  recovery on depressed electrodes as  much as 90 percent of the  

spent beam kinet ic  power, and the ten  elements recover as much as 

90 percent of the potent ia l  power i n  the spent beam a t  the end of 

the col lector  region. 

placed on low cathode loading f o r  long l i f e  (greater than 2 years),  

minimum rf and beam dissipation f o r  highest overall  efficiency, and 

the capability of 4 kW cw output power with conduction cooling a t  

2 GHz with a t  l e a s t  30 MHz 3 db bandwidth and 16 db gain. 

The emphasis i n  the design procedure i s  

A demountable low duty experimental amplifier i s  described and used 

f o r  experimental ver i f ica t ion  of the amplifier and col lector  designs. 

The col lector  design is ver i f ied with a measured collector efficien- 

cy i n  excess of 87 percent f o r  a predicted 89 percent, 

p la te  efficiency, i @ e * ,  overal l  efficiency, of 65 percent a t  2 GHz 

and 5 kw peak output power i s  a l so  demonstrated, A s  expected, the  

saturated bandwidth i s  shown t o  be 200 MHa a t  2 GHa. A t  reduced 

output power (reduced beam current) 

40 db up t o  3 db below saturat ion is  measured a t  2 GHz with a sig- 

nal  t o  noise r a t i o  r i s ing  t o  52 db and a maxim second harmonic 

power which is  34 db down, 

The desired 

a l inear  rf dynamic range of 

The collector i s  demonstrated to  operate 

1 



methods include potent ia l  limiting, phase focusing and beam prebun- 

ching, 

t i a l  l imit ing can significantly enhance the overall  efficiency of an 

IBCFA. 

The experimental amplifier is used t o  demonstrate tha t  poten- 

2 



SECTION 2 

INTRODUCTION 

The work i n  t h i s  report follows work done previously under NASA 

Contract NAS 3-11513’ e 

slow-wave c i r cu i t s  which a re  sui table  fo r  use in a l inear  injected 

beam crossed-f i e l d  amplifier (IBCFA) 

The previous work examined many different  

An analyt ical  design was 

carried out f o r  a 5 kW cw IBCFA operating a t  2 GHa with a 30 MHz 

bandwidth, high interact ion efficiency and sui table  f o r  long l i f e  

(greater than 2 years) space borne communications applications. 

In addition, a ten  stage depressed col lector  was designed t o  

achieve maximum pla te  efficiency from the device. 

a l so  qua l i ta t ive ly  examined methods other than the depressed 

collector f o r  increasing the efficiency of the  IBCFA. 

The previous work 

These methods 

included poten t ia l  limiting, phase focusing and beam prebunching. 

The current e f f o r t  i s  carried-out t o  experimentally ver i fy  the 

design concepts advanced i n  the previous workc 

t o  demonstrate 5 kw peak output power a t  2 GHa with a t  l ea s t  30 M3-z 

3 db saturated bandwidth and 65 percent p la te  efficiency, i . e e  over- 

a l l  efficiency, i n  a l o w  duty demountable amplifier, and t o  demon- 

strate efficiency enhancement by phase focusing, potent ia l  l imiting 

and beam prebunching. The basic amplifier design should be capable 

of operating cw with conduction cooling. 

The objective i s  

This work represents a s ignif icant  departure from past  IBCFA devel- 

opment and demonstrates the application of the IBCFA t o  space 

3 



communications. 

octave or more, t yp ica l  of IBCFA's used i n  radar and E M  applications, 

and the eff ic iency is  no longer just moderately high. 

weight are reduced f o r  the power l eve l  and frequency of operation and 

the l i f e  is extended. 

The bandwidth i s  reduced from the 40 percent t o  an 

The s i z e  and 

The design procedures presented i n  t h i s  report  and the efficiency 

enhancement techniques (potent ia l  l imit ing i n  par t icu lar )  should 

prove useful  i n  a l l  IBCFA designs. Potential  l imiting not o n l y  

should improve the efficiency of an IBCFA, but a l so  should produce a 

more l i nea r  gain character is t ic  f o r  AM applications. 

the col lector  described i n  t h i s  report  should be a valuable t o o l  f o r  

analysis of crossed-f i e l d  beams. 

In addition, 

4 



SECTION 3 

DEVICE DESCRIPTION 

The crossed-field interact ion between a growing rf wave on a slow- 

wave c i r cu i t  and electrons moving i n  synchronism with it is  basic- 

a l ly  a potent ia l  power exchange. 

electrons i s  given up t o  the growing rf wave. 

velocity or d r i f t  velocity, given by the r a t i o  of dc e l ec t r i c  t o  

perpendicular dc magnetic f i e ld ,  Eo/Bo, remains nearly constant 

throughout the interact ion i n  a direct ion perpendicular t o  both dc 

f ie lds .  

Potential  power from the  moving 

The average electron 

This type of traveling-wave interact ion i s  inherently qui te  eff ic ient .  

Since the electron velocity does not change significantly,  synchron- 

i s m  between the growing wave and the d r i f t i ng  electrons can be main- 

tained throughout the interaction, and nearly a l l  of the  power i n  

the moving electrons can be extracted. 

The amount of power which can theoretically be extracted from the 

d r i f t i ng  electrons i n  this type of interact ion is  tha t  portion of 

the t o t a l  power which i s  potential .  Assuming univelocity electrons, 

this portion i s  given by the electronic efficiency qe=l-Vo/Eb2 where 

Vo i s  the voltage through which the beam is accelerated from the cath- 

ode and Eb2 is  the slow-wave c i r cu i t  potent ia l  re la t ive  t o  the cath- 

ode. 

Vo/Eb2, i s  dissipated on the slow-wave c i r cu i t  when a l l  electrons a re  

collected there, The electronic efficiency i n  a crossed-field inter-  

action can i n  practice be made qui te  high (greater than 90 percent), 

In t h i s  case, tha t  portion of the power which i s  kinet ic ,  

5 



The specif ic  type of crossed-field interact ion with which t h i s  report  

deals i s  of the  forward-wave non-reentrant, injected beam type. The 

electrons are  injected in to  an in te rac t ion  region i n  which the rf wave 

grows i n  the d i rec t ion  of the beam motion (forward-wave) e A s  the  beam 

loses  potential ,  it moves toward the  slow-wave c i r cu i t  and i s  collected. 

(Figure 1 ) .  

c u i t  is collected on some type of col lector  a t  t h e  end of t he  inter-  

action region (non-reentrant) s 

Any portion of the beam that  i s  not collected on the c i r -  

Figure 1 i l l u s t r a t e s  the  normal voltages and currents i n  a forward- 

wave, non-reentrant IBCFA. Normally there  i s  no accelerator current, 

hl,  grid current, 

the sum of a l l  the  

The so. i o r  sole  current, i 

other currents i n  the system. 
g’ 

beam current, $, i s  

The sole  voltage, E 
so9 

and the  g r i d  voltage, E 

It i s  important t o  note tha t ,  i n  the calculation of efficiency, col- 

l ec t ion  of electrons on elements more negative than the cathode (sole, 

are  usually negative with respect t o  cathode. 
gJ 

g r i d  and some col lector  elements) i s  assumed t o  be useful power. 

supplies f o r  these elements must transform e l ec t r i ca l  power t o  differ- 

ent potentials.  

spaceborne applications when the added system efficiency outweighs the 

increased complication. 

Power 

These complicated power supplies become pract ical  i n  

6 
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SECTION 4 
OPTIMIZATION STUDIES 

This device i s  represented as converting an input dc and rf power t o  

a useful  dc as well  as rf output power. 

reduced by the amount of useful  dc output power produced. 

tha t  the p la te  efficiency (overal l  efficiency) , 
be wri t ten i n  terms of the  losses which take place i n  the  device. 

The dc input power i s  thus 

It follows 

of the device c8n %, 

The losses  i n  this device are  of two kinds. 

of beam kinet ic  power upon col lect ion by an element i n  the device. 

The second i s  the  rf attenuation of the slow-wave c i rcu i t ,  mT. 

losses due t o  beam diss ipat ion on the c i r c u i t  depend on the electronic 

efficiency, q,, and i n  the col lector  on collector efficiency, qcol. 

The p l a t e  efficiency, i.e.,  overal l  efficiency, of the amplifier can 

now be writ ten i n  a useful form i n  terms of the losses, assuming 

i 

F i r s t  i s  the  diss ipat ion 

The 

= i  so = hl = 0. 
g 

r l =  
P 

All losses  

efficiency 

a 
qe %2% T Pco1 a 

PO PO PO 
(1 - sf - + - + - ( I -q  ) ]  (4-1) col  

are r e l a t ive  t o  the output power, pOe 

degradation fac tor  (greater than 1 )  and pcol i s  the  beam 

K i s  the  electronic 

power input into the col lector  region. 

of the losses i n  the device which a f fec t  plate  efficiency (overall  

efficiency). The first term i n  the denominator i s  the  beam diss ipat ion 

losses on the c i r cu i t ,  The second term i s  the  rf losses on the c i r cu i t  

and the  th i rd  term i s  the beam diss ipat ion losses i n  the  collector. 

Equation (4-1) indicates a l l  

8 



I n  the optimization studies a l l  of the losses  are  balanced t o  give 

the best  possible overal l  efficiency. 

collector designs a re  found and the  amplifier design i s  selected t o  

achieve the proper balance among a l l  of the  various l o s s  mechanisms. 

O f  course, a be t t e r  c i r cu i t  o r  col lector  design would give a higher 

overall  efficiency. 

become mechanically unfeasible, the col lector  design i n  t h i s  report  

i s  believed t o  be the bes t  possible while maintaining rf dynamic 

range. Both the basic col lector  design and various slow-wave cir-  

cuits were extensively examined on the previous contract and those 

adopted found t o  be optimum. 

The best  slow-wave cii-cuit and 

Short of adding more electrodes, which might 

It may be of i n t e re s t  t o  summarize the  f i n a l  balance of the  various 

losses i n  the  device i n  the  optinrum design. For an rf output power 

of 5 kw and a t o t a l  input power of 6,90 kw, the rf dissipat ion on the 

c i r cu i t  is  0.51 kw, the beam diss ipat ion on the c i r cu i t  i s  0.94 kw, 

the  beam dissipation on the col lector  i s  0.32 kw, and the power l o s t  

due to  the  filament i s  0.03 kw. 

the idea l  case where the only l o s s  i s  beam dissipation on the c i rcu i t .  

In t h i s  case the p la te  efficiency (overall efficiency) i s  equal t o  

the electronic efficiency e 

The optimum design is  approaching 

Equation (4-1) reduces t o  q 

conditions consist of no slow-wave c i r cu i t  attenuation, no electronic 

= qe under cer ta in  conditions, These 
P 

efficiency degradation, complete collection on the c i r cu i t  (anode cur- 

rent equals beam current), and i n f i n i t e  gain. 

9 



There i s  one very basic d i f f icu l ty  i n  achieving the  conditions f o r  

TP = ?lee While the infinite gain requirement can be closely approached 

with gains of 20 db o r  more, the presence of s ignif icant  slow-wave cir-  

cu i t  at tenuation makes a l l  other conditions impossible t o  approach. 

The degradation of e lectronic  efficiency increases at  higher gain r a t e s  

because the beam i s  accelerated more rapidly toward the c i r cu i t  giving 

it a s ignif icant  added velocity i n  tha t  direction. 

added velocity, the l i n e  becomes long and the rf losses high with f in-  

i t e  c i r cu i t  attenuation. Also, it i s  w e l l  known tha t  t o  achieve com- 

p le te  c i r c u i t  collection the l i n e  becomes even longer and the  losses 

higher e 

To overcome t h i s  

Since complete c i r cu i t  collection is  impractical due t o  c i rcu i t  atten- 

uation, it becomes desirable t o  add a col lector  t o  recover as much of 

the spent beam as possible. 

i n  these optimization studies i s  first t o  optimize the slow-wave cir-  

c u i t  and the  basic crossed-field interact ion f o r  m i n i m a T / p 0  consis- 

t en t  with other design considerations. 

be only a function of qe and decreases with decreasing T,. 

collector i s  optimized f o r  maxim q 

considerations. And last, large s ignz l  computer calculations are  made 

t o  determine the optimum ?le and degree of saturat ion ( %2h2/po) fo r  

the col lector  efficiency obtained t o  give the highest q 

Referring t o  equation (4-1)3 the approach 

The minimumaT/p0 is  found t o  

N e x t ,  the 

consistent with other design col  

Pa 

bo 'I Interact ion Circuit  

The character is t ics  of an interact ion c i rcu i t  only become important 

'IO 



when considered with respect t o  the basic interaction equations 

under which it wil l  be used and the requirements of the amplifier 

design t o  be obtained. 

f i e r  are 16 db gain, a cw output power capability of 5' kW, a 3 db 

bandwidth (B.W.) of 30 MHz a t  2 GHz (1.5 percent), a cathode 

The essent ia l  requirements of the ampli- 

loading of l e s s  than one ampere per square centimeter f o r  greater 

than 2 years l i fe ,  and maximum p la te  efficiency (overall effi- 

ciency). Assuming synchronism, beam injection a t  or  near the 

center of the interaction space between sole and l ine,  and low 

attenuation compared t o  the gain, there i s  one basic interaction 

equation : 

(4-2) cosh2~TDN + S2] Gain (db) = 20 log 
1 -I- s2 

i 3  S -  

(4-3) 

(4-4) 

The gain depends on the gain parameter D and the space charge 

parameter S. 

beam current i 

to  mass r a t i o  'q, the frequency fo,  the c i rcu i t  propagation con- 

stant @, the beam voltage Vo, the beam width i n  the direction of 

magnetic f i e l d  H, the distance the beam is Injected from the 

These parameters i n  turn are  dependent on the 

by  0, 
the dc magnetic f i e l d  B the electron charge 

sole x 

impedance KO" 

t he  sole t o  c i rcu i t  gap a, and the c i rcu i t  interaction o 9  

11 



If the  l i n e  length i n  wavelengths, N, is  fixed, the gain given by 

equation (4-2) assumes the beam posit ion x and the beam current i.,, 
0, 

are  constant. This i s  only t rue  i f  the gain is small signal,  i .e . ,  the  

rf power on the l i n e  i s  small compared to  the beam power (low efficien- 

cy). Large s ignal  gain i s  usually found by solving the force equations 

incrementally on a high speed d i g i t a l  computer. 

p i r i c a l  formula which has been found t o  agree very closely with computer 

calculations of large s ignal  gain is given by equation (4-2) w5th t h e  

space charge parameter S = 0. 

However, a useful em- 

For a given saturated gain the  product DN i s  fixed. 

then gives the small s ignal  gain f o r  t h a t  design. 

S i s  determined by s t a b i l i t y  considerations. With an input and output 

VSWR of 1.05:1 , S may be as high as 3 f o r  16 db saturated gain design, 

assuming ,a comparable load mismatch. However, a value of S as high as 

3 means tha t  the l i nea r  gain region of the device would occur far below 

the saturated output power and a t  low efficiency. A more r e a l i s t i c  

l imit ing value of S i s  1.5 f o r  applications where l i nea r  rf dynamic 

range i s  desired a t  16 db saturated gain, o r  i n  this demountable appa- 

ra tus  where a 1.05:l VSWR i s  very d i f f i c u l t  t o  achieve. 

values of S higher than indicated eliminates the  possibi l i ty  of wide 

rf dynamic range since the amplifier w i l l  generally be unstable below 

the drive power required f o r  saturation. 

The value of S 

The maximum value of 

Operating a t  

For higher values of saturated gain, t h e  maximum value of S which can 

be used t o  maintain l i nea r  rf dynamic range t o  a given l eve l  below 

1 2  



saturat ion decreases. It will be shown i n  the  discussion t o  follow 

tha t  the rf losses i n  the  device a re  d i rec t ly  proportional t o  S. 

Therefore, reduced values of S lead t o  lower p l a t e  efficiency (over- 

a l l  efficiency) and, consequently, higher saturated gain leads t o  

lower overal l  efficiency. A 10 db increase i n  saturated gain may 

lead t o  as much as a 10 prcentage .poin t  decrease i n  overal l  e f f i -  

ciency and, likewise, a 10 db decrease i n  saturated gain may lead 

t o  a s  much as a 10 percentage poi.nt increase i n  overall  efficiency. 

Equations (4-3) and (4-4) may be combined i n  a useful form. 

sinh2r3xo I sinh2 pa 
S = D/ Heo2nfoKo (4-5) 

If equation (4-5) is multiplied by a N ,  where a is  the c i r cu i t  atten- 

uation i n  db per wavelength, and divided by S, then the r e su l t  i s  

proportional t o  the  t o t a l  rf losses, - i n  db, f o r  constant satur- 

ated gain (- DN) assuming the hot c i rcu i t  losses a re  proportional 

a 
T 

PO 

t o  the  cold c i r cu i t  losses.  

(4-6) sinh2 Bx0 

0 sinh2Ba 
I + - - - - u N = u ~ ~ D N /  9 %  

Po Po 

was included i n  t h i s  ex- 
v 0 9  

The square root of the beam voltage, 

pression because the product “l /V0 i s  constant regardless of Vo, as 

w i l l  be shown subsequently. 

In optimizing the interact ion c i rcu i t ,  we seek t o  minimize aT/poe 

For fixed fo9 Bo, and ?le, the l a s t  term i n  the denominator of 

13 



equation (4-6) can be maximized with respect t o  t h e  re la t ive  beam 

in jec t ion  position, xo/a. 

maximum value of t h i s  term occurs a t  x /a = .5, and is  a function 

It can be shown (Appendix A) t ha t  the  

0 

of Bo, fo,  and 71,. 

= l /sinh 
max 

Due t o  beam motion toward the c i r c u i t  under large s ignal  conditions 

the r e l a t ive  beam posit ion varies during the interaction. xo/a in- 

creases from i t s  i n i t i a l  value t o  unity. 

bes t  value of xo/a is s l igh t ly  less than .5 so tha t  the average rel-  

a t ive  beam posit ion under large s igna l  conditions i s  xo/a = .5. The 

optimum x /a i s  usually about .45. 

calculation of p l a t e  efficiency f o r  various values of x /a, 

i n  Figure 2 represents one of a set of four d i f fe ren t  designs which 

were run with t h i s  parameter as a variable, and a l l  designs demon- 

s t ra ted  an optimum value of xo/a = .45. 

For the  above reason the 

Figure 2 shows a typical  computer 

The data 
0 

0 

It is  clear  from equation (4-7) tha t  the higher values of this term 

are  obtained f o r  higher Bo and lower 'q 

a l ly  fixed. 

wil l  be balanced l a t e r  against the  increased beam dissipation which 

it w i l l  cause, The maximum value of B w i l l  be discussed l a t e r .  

and foe  Frequency i s  natur- e 
The reduction of electronic efficiency t o  reduce rf l o s s  

0 

Returning t o  equation (4-6)9 one sees tha t  f o r  min imum rf lo s s  it is  

desirable to  have maxim S ,  H, Vo and f Frequency i s  already fixed. 
O S  
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The maximum value of S has been fixed at  4.5 by previous consider- 

ation, 

The maximum value of V w i l l  be discussed l a t e r .  

The maxirmun~value of H i s  given by the  c i r cu i t  which is  used. 

0 

A c i r c u i t  consideration, i n  addition t o  m a x i m  H, which must be made 

i s  the minimum of the  r a t i o  a The above c i r cu i t  considerations 
O 0  

suggest a f igure of merit KoH/(a ) fo r  a slow-wave c i rcu i t ,  and t ha t  

a good parameter f o r  optimizing a given c i r cu i t  i s  a The 

2 
Karp c i r cu i t  has the highest f igure  of merit of a l l  slow-wave cir-  

cu i t s  examined. The Karp c i r cu i t  is a r idge loaded waveguide period- 

i c a l l y  s lot ted on the broad wall adjacent t o  the loading ridge. The 

Karp c i r cu i t  i s  approximately one-half wavexength wide, 

Several c i r cu i t s  were b u i l t  with various loading ridge widths re la t ive  

t o  the  s l o t  length and various thicknesses of t he  s lot ted wall  re la-  

t i ve  t o  the pitch.  The gap t o  pi tch r a t i o  was held constant a t  0.5. 

It was found tha t  the  optimum configuration f o r  impedance and band- 

width was a loading ridge width of half the s l o t  length and a small 

s lo t ted  wall thickness ( < O m s  pitch).  The optimum loading ridge width 

was predicted by J. C. Walling 4 e 

and the dispersion character is t ics  of The interact ion impedance, 

t he  c i r cu i t s  ( r a t io  of group t o  phase velocity, v /v ) were measured 

by resonance methods e Tne dispersion resu l t s  were used with an 

equation derived by J, R. Pierce3 t o  determine a f o r  the optimum 

KO’ 

P g  
I 

s t ructure  configuration, 
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The Q of t he  c i r cu i t  was calculated f rom an expression f o r  the stored 

energy of a Karp c i r cu i t  by J, C. Walling , and the dissipated energy 

calculated from the f i e l d s  on a Karp c i rcu i t  derived by R. C. Fletcher. 

4 
5 

The attenuation values calculated as described above agree with meas- 

urements within 5 percent (Figure 3 ) .  The dispersion and impedance 

f o r  one optimum structure can be scaled easi ly  i n  frequency and vel- 

ocity while attenuation can not. 

the optimization of the r a t i o  a c / K o  a t  2 GHz possible without con- 

s t ruc t ion  of many different  slow-wave circui ts .  

The calculation of attenuation makes 

Figure 4 shows the calculated var ia t ion of =*%/KO with KO and the 

phase s h i f t  per ce l l ,  Rp/n, f o r  the  optimum Karp c i r cu i t  a t  2 GH5. 

In  the calculation, t h i s  r a t i o  w a s  found t o  be constant regardless 

of Vo. KO i s  independent of Vo, so  tha t  the product =%is con- 

s t an t  regardless of Vo. This Vo dependence was  predicted by J. R. 

Pierce 

tha t  the r a t i o  a K/Ko decreases f o r  constant Bp/n and increasing 

K e f o r  constant 

v r e su l t s  from a decrease i n  group velocity, and K increases as 

the square of l /v while a increases as l /v It is  important t o  

note tha t  t h i s  decreasing group velocity f o r  constant phase velocity, 

3 f o r  an in f in i t e ly  th in  Karp c i rcu i t .  It is seen i n  Figure 4 

This r e su l t  i s  expected since the increase i n  K 

P 0 

0 0 

g g' 

2qV0, represents a decreasing bandwidth i n  the dispersion charac- 

t e r i s t i c s  of the  structure.  There is a basic tradeoff between rf 

losses and bandwidth, and hence efficiency and bandwidth. 

77 
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However, bandwidth i s  not a l imit ing fac tor  i n  t h i s  design optimi- 

zation. A l l  c i r cu i t s  have qui te  ample bandwidth. 

The var ia t ion of K 

var ia t ion of the dimension between the  loading ridge and the s lo t ted  

f o r  constant Bp/n i n  Figure 4 i s  achieved by 
0 

wall. 

ure  k0 
constant K 

pi tch r a t i o  f o r  each value of Bp/n, 

The gap t o  p i tch  r a t i o  was held constant f o r  the curves of Fig- 

It i s  believed tha t  the deviation of a KO with Bp/n f o r  

can be reduced o r  eliminated by optimizing the gap t o  
0 

This conclusion i s  i n  need of 

more study. 

root of f 

The curves of Figure 4 are  proportional t o  the square 

due t o  decreasing skin depth a t  higher frequencies. 
0 

It appears from Figure 4 that the  best  operating point i s  the low 

value of @p/n and high KO" 

made. 

However, thermal considerations must be 

To be consistent with the  power level ,  conduction cooling re- 

quirement and present technology, it is necessary t o  include ceramics 

under the  bars t o  conduct the dissipated power from the  slow-wave 

c i r cu i t ,  Calculations indicate tha t  the broad Karp c i r c u i t  can easi ly  

handle the  power diss ipat ion required through Be0 ceramics. These 

ceramics have two effects ,  They limit the  degree t o  which the  c i r cu i t  

may be unloaded and secondly they reduce the c i rcu i t  width. It is  

estimated tha t  the ceramic loading of the c i rcu i t  w i l l  l i m i t  the  m i n i -  

muma K t o  * O 4  f o r  a l l  Bp/n. The minimuma 

f o r  a l l  Bp/n with higher KO and a f o r  higher p/ne 

a t  this point i s  arbi t rary and must be decided as  it af fec ts  beam 

K i s  the  same 

The choice of KO 
0 0 

dissipation, 

20 



It i s  estimated tha t  the reduction of c i rcu i t  width w i l l  be 30 t o  

40 percent. 

reducing tha t  by 40 percent, we f ind  t h a t  the m a x i m  width of a 2 

GHz Karp c i r cu i t  i s  about e 900 inch (2.28 cm) ., 

Using the half of  the c i r cu i t  which is ridge loaded and 

It was  shown e a r l i e r  tha t  f o r  minim aT/po we desire maximum Vo and 

Bo” 
it is  necessary t o  allow the dc e l ec t r i c  f i e l d  t o  be max im.  

To allow both of these parameters t o  go t o  the i r  maximum value 

The 

maximum e lec t r i c  f i e l d  E 

the f i e l d  strength a t  which arcing becomes a problem. 

i s  given by voltage standoff limits, i.e.,  max 
This maximum 

e lec t r i c  f i e l d  establishes a relationship between Bo and Vo. 

B 

the o p t i m  conditions f o r  B 

the frequency, which i s  fixed, and the electronic efficiency qe (Ap- 

pendix B).  

= E & ~ < .  Using this relationship, it i s  possible t o  f ind 

and V f o r  minimum c=T/po i n  terms of 

0 

0 0 

It can be concluded from t h e  above solution tha t  V should be raised 

t o  the  maximum value as given by E 
0 

f o r  constant Bo and Bo should 
max 

be a s  high a s  

respectively j 

the  rf losses 

possible. The opthum Bo and V a r e  i n f i n i t e  and zero 

however, i f  equations (4-9) and (4-1 0) are  observed, 
0 

w i l l  change very l i t t l e  with Bo and Voa 
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Referring back t o  equations (4-6) and (k-7), we see tha t  a l l  para- 

meters have been optimized f o r  minim rf losses except ?l e As ?le 

decreases, rf losses decrease, and there i s  a d i rec t  trade-off be- 

tween rf and beam losses. Table l summarizes the  resu l t s  f o r  the 

optimum parameters necessary f o r  minimum mT/po. 

made are  also l i s t ed  i n  Table 1 a 

e 

The assumptions 
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Parameter 

fO 

S 

H 

a %/KO 

xo/a 

B 

0 

KO 

“e 

TABU 1 

Optimum Parameters for M i n i m  aT/po 

fixed = 2 GH5 

maximum f o r  s t a b i l i t y  = 1.5 

c i rcu i t  m a x i m  = .goo in. = 2.28 cm 

db/h (V) I2 c i rcu i t  minimum = 0.04 
ll. 

arbitrary 

tha t  f o r  minimum rf + beam losses 

Assumptions t 1 )  

product DN 

The saturated gain i s  d v e n  by only the  

2) 

t o  the  cold c i rcu i t  losses. 

The hot c i r cu i t  losses a re  proportional 

3)xo/a = .5 f o r  minim B and maximum Voe 
0 
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W e  now seek t o  se l ec t  an electronic efficiency and interact ion imped- 

ance which minimize the t o t a l  losses  i n  the interaction. 

ear l ie r ,  higher gain r a t e s  increase the electronic efficiency degrad- 

A s  discussed 

at ion factor  K. 

s i s t e n t  with low rf losses (KO = 1 OOn a t  Bp/n = e 3  from Figure k ) .  

Hence, we should se l ec t  the  minimum KO possible con- 

This l o w K  

the diss ipat ion on the  c i r cu i t  i s  over a longer length f o r  lower gain 

r a t e s  and constant saturated gain. 

other operating parameters was not taken in to  account i n  these opti- 

mization studies.  In general, K w i l l  increase as  aT/po decreases. 

This fac tor  K i s  of some importance and should be studied fur ther .  

choice a l so  represents the  be t t e r  thermal design since 
0 

The complete dependence of K on 

The electronic efficiency degradation fac tor  i s  qui te  d i f f i c u l t  t o  

evaluate. A s  f a r  as  can be determined, the only method fo r  calcu- 

l a t ing  K i s  by rigorous solution of the equations of motion f o r  elec- 

trons i n  the crossed-field beam under large s ignal  conditions. 

solution is  done numerically on a high speed d i g i t a l  computer. 

theories which do not include electron acceleration terms (adiabatic) 

do not predict  K. 

indicate  tha t  K may be a s  high as 1.06 for very high gain rates .  

value of K = 1,06 degrades an  electronic efficiency o f  90 percent t o  

85 percent, Even an approximate relationship between gain per wave- 

length and K has not ye t  been established. 

This 

Simple 

Our computer calculations including space charge 

A 

Referring to  equation (4-1 ) , we must turn t o  computer calculations 

t o  predict  p l a t e  efficiency. The computer i s  needed t o  predict  K as  well 



as  the degree of saturat ion (Eb2ib2/p0) t o  be used i n  choosing the 

best  q Since the degree of sat-  

urat ion determines t h e  re la t ive  power in to  the col lector  region, 

the col lector  losses  should also be considered before choosing the 

optimum Tee 

f o r  minimum rf plus beam losses. e 

4.2 Ten Stage Depressed Collector 

The electron d r i f t  velocity is  given by Eo/Bo. 

depressed col lector  f o r  t h i s  amplifier (Figure 1 >, the  electron 

velocity i s  reduced by a reduction i n  dc e l ec t r i c  f i e l d ,  Eo, caused 

by the diverging anode. 

I n  the ten stage 

Thus, a portion o f ' t h e  kinetic power con- 

tained i n  the spent beam i s  made available f o r  recovery on depressed 

electrodes. 

backstreaming by the forces exerted on them by the dc magnetic f i e l d ,  

Secondary electrons a re  suppressed and prevented from 

BO = 

The k ine t ic  power made available f o r  recovery i n  t h i s  col lector  i s  

given by 1-(E,/Eo)2 where (E1/Eo) i s  the r a t i o  of dc e l ec t r i c  f i e l d  

a t  t he  collector electrode t o  the dc e l ec t r i c  f i e ld  i n  the inter-  

act ion space. 

available 90.3 percent of the beam kinet ic  power f o r  recovery. 

The collector i n  the experimental amplifier makes 

The potent ia l  power recovery of this collector,  assuming uniform 

beam potent ia l  d i s t r ibg t ion  between elements and uni form element 

spacing between sole and anode (both i n  potent ia l  and physically), 

depends on the collector number, n, and the t o t a l  number of collec- 

to rs ,  N. The portion of the beam potential  power which i s  recovered 



The col lector  i n  the experimental ampli- 1 is  given by 1 - 
f i e r  has t en  elements. 

There a re  two fac tors  which determine the overal l  collector efficien- 

with which the collector i n  the experimental amplifier c y J  %olJ 
operates. 

potential .  

t h i s  portion is  given by the electronic efficiency q The second is  

the d is t r ibu t ion  of t he  beam between the sole and the l i n e  (potent ia l  

dis t r ibut ion) .  It is also found empirically tha t ,  f o r  t h i s  uniformly 

spaced 10 element collector and any spent beam from a normal in te r -  

The first is  the  portion of the spent beam power which i s  

It i s  found empirically from computer calculations tha t  

e* 

action, the potent ia l  pmer recovery i s  almost constant a t  90 per- 

cent. 

percent and col lector  efficiency is  only a function of electronic 

efficiency, with higher efficiency f o r  higher ?le. 

Hence, f o r  q = 90 percent, the col lector  efficiency i s  89.1 e 

Increased reduction i n  the dc e l ec t r i c  f i e l d  i n  the above case could 

only r e su l t  i n  an increase i n  col lector  efficiency from 89.1 t o  90 

percent which i s  not s ignif icant .  An increased number of elements 

would add s ignif icant  mechanical and power supply compllcations f o r  

re la t ively small increases i n  collector efficiency. 

The electrodes i n  this col lector  could depart from uniform spacing 

t o  achieve somewhat higher efficiency under cer ta in  conditions. 

If the l eve l  of saturat ion is  chosen and t h e  electrodes moved t o  

optimize efficiency for t ha t  spent beam potent ia l  distribution, 

26 



the  efficiency a t  a l l  other leve ls  of saturat ion would be reduced 

because the spent beam potent ia l  d i s t r ibu t ion  of an IBCFA changes 

with saturat ion level.  

and dynamic range is  desirable, it seems best  t o  maintain uniform 

co l l e  c t o r spacing. 

Since the efficiency increases are  small 

4.3 P la te  Efficiency (Overall Efficiency) 

With an optimized interact ion and collector,  p la te  efficiency 

must now be evaluated with respect t o  only one variable, qe, 

since r( 

losses. 

increases rf losses while lower q 

of beam c i r cu i t  and collector losses.  

expected. 

determines collector losses  and both beam and rf c i r cu i t  

Higher qe reduces beam c i r cu i t  and collector losses and 

e 

reduces rf losses a t  the expense 

Some optimum value of T l  

e 

is  e 

It i s  important t o  note t h a t  the  optimization of the interact ion 

c i rcu i t  i s  much more important than the  collector optimization 

since losses i n  t h e  interact ion e f fec t  all terms i n  equation (4-1) 

because they reduce the output power. 

The var ia t ion of p l a t e  efficiency with electronic efficiency was 

evaluated with large s ignal  computer calculations including space 

charge (Figure 5 ) .  
maxim of 72.9 percent a t  90 percent electronic efficiency. 

The p la te  efficiency was predicted t o  be a 
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Using t h e  very e f f i c i en t  collector,  the optimum leve l  of saturat ion 

i s  about 50 percent, 

on the c i r cu i t  and half  on the collector. 

e f f i c i en t  depressed collector,  about 80 percent of t h e  beam is col- 

lected on the l ine which leads t o  an overal l  efficiency i n  the  low 

60 percent range 

That is ,  about half of the beam is  collected 

Normally, without an 
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SECTION 5 
ASSENBLY W THE EXPERIMENTAL AMPLIFIEB 

The experimental amplifier is  made demountable t o  f a c i l i t a t e  changes. 

Figure 6 i l l u s t r a t e s  i n  cross section the experimental amplifier. All 

parts  possible a re  bolted together. 

the s lo t ted  waveguide t o  form the Karp c i r cu i t .  

The loading ridge is  bolted in to  

The diverging anode 

i s  a l so  bol ted t o  the waveguide. 

and bolted t o  a support along with the sole  insulators .  

The collector elements are  stacked 

The sole  end 

hats holding a screen sole face a r e  bolted t o  the insulators.  The 

electron gun (not shown) is  bolted t o  the same support as the sole  and 

depressed col lector .  The beam i s  accelerated from the cathode toward 

the c i r c u i t  and then turned by the  magnetic f i e l d  t o  form a ribbon 

between the so le  and c i r cu i t .  

Figure 7 shows the actual  experimental amplifier. 

can be seen i n  the lower le f t  hand corner looking d m  on the accel- 

erator  blade. 

The electron gun 

The support s t ructure  i s  shown i n  the background. The 

c i rcu i t  i s  bolted t o  the  back support and the sole  support is  rotated 

90 degrees and bolted t o  the f ront  support. 

the support s t ructure  t o  maintain a m i n i m a l  amount of cooling. 

coolant i n l e t  tube is v is ib le  in the upper r igh t  hand corner. 

Coolant flaws through 

One 

A domed cyl indrical  glass bo t t le  covers the f i n a l  assembly of Figure 

7 9  and i s  bolted t o  the vacuum flange v is ib le  i n  the  upper r i g h t  hand 

corner. The resul t ing assembly i s  bolted t o  a vacuum chamber and 
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pump. 

seals .  

t o  the vacuum. 

The rf and dc leads exit from the chamber through vacuum 

The magnetic f i e l d  i s  furnished by electromagnets external 

Figure 8 i l l u s t r a t e s  the electron gun used i n  the experimental 

amplifier. 

i n g  electrodes on the sides,  f ront  and back of the cathode. 
6 9 shows the actual  gun. The gun is  a modified long Kino , low 

current density design. For ease of assembly, the gun design was 

taken from an existing IBCFA and i s  being run a t  s l i gh t ly  greater 

than 1A/cm . However, with the beam width available f o r  the  Karp 

c i r cu i t ,  the gun could eas i ly  be modified t o  operate below 1A/cm2. 

The beam i s  converged t o  a th in  ribbon by the beam form- 

Figure 

2 
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SECTION 6 

TEST APPARATUS 

Figure 10 i l l u s t r a t e s  the test set-up used. 

readings are made with peak reading instruments t o  increase the  measure- 

ment accuracy. 

National Bureau of Standards (NBS) within 5 percent and the peak current 

and voltage readings within 0.3 percent. 

a re  included f o r  ver i f icat ion only. 

measurements a re  made by means of a s igna l  gain displayed on a spectrum 

analyzer. 

w i t h b  0.1 db per 10 db. 

All rf power and current 

The peak rf power measurements are traceable t o  the 

Average reading instruments 

The low l eve l  peak output power 

The analyzer gain display cal ibrat ion i s  traceable t o  NBS 

The output of a l l  peak detectors i s  viewed on a time base osci l lo-  

scope and nulled against a calibrated mi l l ivo l t  source. 

detectors were calibrated cw against 60 cycle waterload power a t  low 

levels  and the  power l eve l  increased with calibrated attenuators. 

The pulse current transformer was sent t o  the manufacturer f o r  a 

special  ce r t i f i ed  cal ibrat ion,  

The rf crys ta l  

Phase measurements were made with a Hewlett Packard Network Analyzer. 

The input and output sampling arms are eliminated from cold measure- 

ments s o  t ha t  non-linearit ies i n  the couplers a re  not included. 

phase devation caused by the amplifier beam i s  then measured and added 

t o  the cold measurements. The non-linearit ies in the rf vacuum seals  

and rebated connector are,  however, necessarily included. 

The 
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SECTION 7 

VERIFICATION OF PERFORMANCE 

The experimental amplifier was pumped down several  times before a l l  

mechanical designs and vacuum seals  were perfected i n  the new system. 

During i n i t i a l  rf tes t ing  the col lector  as well as one of the  effi-  

ciency enhancement techniques (potent ia l  l imiting) were experiment - 
a l l y  evaluated. 

then followed. 

The ver i f icat ion of the f i n a l  amplifier design 

The i n i t i a l  rf t e s t s  covered the  f irst  13 pump downs (experiment 

numbers 2A025101 through 2A025113). 

number 2A016114) evaluated the  f i n a l  amplifier design. 

9 pump dams had several  mechanical problems and vacuum leaks i n  the 

new system and no s ignif icant  data were obtained. 

The 14th pump duwn (experiment 

The first 

The 10th pump down yielded the  f i rs t  s ignif icant  data. 

was ver i f ied t o  be w e l l  in excess of the desired 30 MHz on t h i s  

experiment. 

full output power or p la te  efficiency (overall  efficiency) data were 

obtained. The heater was changed t o  a lower current, higher voltage 

design at  th i s  point. 

The bandwidth 

An open heater lead terminated t h i s  experimnt before 

In  the 11th pump dawn, beam viewing was attempted. 

was brought t o  a pressure of 3 x 10-smm of mercury (4 x IOm3 N/m2) 

with helium. However, no evidence of the  beam was observed due t o  

The vacuum system 
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excessive cathode l i gh t .  

severe depressed collector leakage currents before any other 

data were obtained. A b e t t e r  gas fo r  beam viewing was determined 

t o  be krypton, which radiates in the  blue and would allow a f i l t -  

e r  t o  be used t o  remove the cathode l i g h t .  

This experiment was terminated by 

The 12th pump dawn was the f irst  experiment t o  yield p la te  effi-  

ciency (overal l  efficiency) data. 

found t o  be substant ia l ly  l e s s  than predicted. 

col lector  efficiency was within 2 percent of the  predicted value 

and the output power was within 4 percent of the predicted value. 

It was concluded t h a t  the l o w  p l a t e  eff ic iency i n  t h i s  experiment 

was due t o  poor beam focusing. 

proved and the f ron t  (nearest  so l e )  beam forming electrode was 

modified . 

The p la t e  efficiency was 

The measured 

The dimensional control was im-  

The 13th pump down consisted of an experiment t o  evaluate effi-  

ciency enhancement by poten t ia l  l imiting. The data from t h i s  

experiment are  presented in the appropriate section. 

The 14th pump d m  verif ied a l l  aspects of the amplifier design 

and the  r e su l t s  of t h i s  experiment follow. 

7.1 Ten Stage Depressed Collector 

In general the ten  stage depressed col lector  descrtbed previously 

demonstrates excellent agreement with predictionss 

experimental amplifier is operating without f output puwer 
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(zero drive) the collector efficiency can be measured direct ly .  

For a predicted 89 .I percent col lector  efficiency, the experimental 

device demonstrates 87.2 percent. 

The experimental collector enhances the IBCFA efficiency over the 

en t i r e  rf dynamic range of the device (Figure 11)  due t o  the uni- 

form element spacing a In Figure 11 the amplifier is  being operated 

a t  reduced output power (reduced ib) and the basic interaction e f f i -  

ciency of 36 percent is increased t o  58.7 percent a t  saturation. 

Below saturat ion t h i s  collector increases efficiency by a fac tor  of 

2 t o  3 .  

ciency over the rf dynamic range of the device. 

Figure 11 a lso  demonstrates almost constant collector e f f i -  
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A t  sa turat ion or  15 db below saturation, the number of collector 

elements could be reduced t o  three without much sac r i f i ce  i n  effi- 

ciency (59.8 vs. 62,6 percent i n  one case). However, t h i s  three 

stage col lector  would not demonstrate the s ignif icant  efficiency 

enhancement over a large dynamic range. The above f a c t  i s  accounted 

f o r  by the confinement of tb beam t o  a small potent ia l  dis t r ibut ion 

under the  above two conditions. With a small d i s t r ibu t ion  of beam 

potent ia l  a large number of collectors i s  not necessary to  achieve 

e f f i c i en t  collection. 

This ten  stage depressed collector a lso has another important aspect. 

This col lector  can measure the  potent ia l  p rof i le  of a crossed-field 

beam which can be d i rec t ly  correlated with computer predictions of 

electron t ra jector ies .  

col lector  i s  changed by AEcn, a small amount, and the current on 

tha t  element changes by A i c n ,  then the r a t i o  of Aicn/AEcn as a 

function of Ecn represents the re la t ive  beam current a s  a function 

of beam potent ia l  (beam potent ia l  prof i le)  e 

If the potential ,  Ecn, of an element i n  the  

In the  idea l  crossed-field ribbon beamg the electrons a l l  move para- 

l l e l  %o the sole  and c i r c u i t  (laminar flow). It can be shown t h a t  

fo r  t h i s  type of beam the  r a t i o  of Aicn/AEcn i s  constant (Appendix C ) ,  

Aicn/AEcn = Heor)Bo (7-1 ) 

In practice,  the  i d e a l  electron f low i s  not obtained, In f ac t ,  
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electron t r a j ec to r i e s  f o r  guns s imilar  t o  t h a t  used i n  t h i s  ampli- 

f i e r  indicate  tha t  the  best  t h a t  can be expected i s  a beam t h a t  i s  

2 t o  3 times thicker i n  poten t ia l  than a laminar beam given by 

equation (7-1) with A i c n  = 

Figure 1 2  i s  a beam potent ia l  p rof i le  t ha t  i s  f r o m  the  l a s t  experi- 

ment performed. 

While exact cor re la t ionwi th  computer r e su l t s  was not made, this 

prof i le  compares favorably with some of the bes t  computer pre- 

dictions f o r  s imilar  gun designs. 

centered a t  zero potent ia l  because the  col lector  i s  not 100 percent 

eff ic ient .  The movement of the beam center by collector inefficien- 

cies should not a l t e r  the prof i le .  

The laminar thickness i s  shown on this f igure,  

The beam i n  Figure 1 2  i s  not 

A s  f a r  a s  can be determined, t h i s  col lector  offers  the  only d i rec t  

o r  re l iab le  method of experimentally evaluating a crossed-field 

beam. 

crossed-f i e ld  beam analysis e 

This collector should prove t o  be a powerful too l  fo r  

7.2 Experimental Amplifier 

The resu l t s  from t h e  experimental amplifier a re  qui te  encouraging 

(Figure 13). A s  expected, the 3 db saturated bandwidth of 30 MHz 

a t  2 GHz i s  easi ly  obtained. 

bandwidth of nearly 150 MHz a t  2 GHz. Figure 13 does not show the 

f u l l  3 db bandwidth due to  i n s t a b i l i t i e s  related to  the poor match 

obtained with the  demountable system. The 3 db saturated bandwidth 

Figure 13 shows a 1 db saturated 
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should be well  i n  excess of 200 MKz. 

of 65 percent i s  also demonstrated with a value of 65.8 percent. 

The desired p l a t e  efficiency 

The output match accounts f o r  t he  decline of p l a t e  efficiency when 

moving away from 2.0 GHz. The poor output match a l so  accounts f o r  

par t  of the  difference between t h e  predicted 72.9 percent p l a t e  

efficiency and the measured 65.8 percent. 

from the  device, the actual  p la te  efficiency is  69.0 percent. 

i s  a l so  estimated t h a t  ?$ could be increased by about 3 percentage 

points i f  low drive i n s t a b i l i t i e s  were not present. 

point increase would be accomplished by increasing the beam current 

and decreasing the dr ive power, thereby lowering the  leve l  of satur- 

a t ion of the  amplifier. 

centage point i s  caused by somewhat higher c i r cu i t  attenuation i n  

the f i n a l  amplifier due t o  brazes on the  c i rcu i t .  

pointed out t h a t  the dip i n  output power a t  2.05 GHz i n  Figure 13 

is  also related t o  match. 

Based on ref lected power 

It 

This percentage 

The remainfng discrepancy of about 1 per- 

It should be 

It can be concluded f romthe  t e s t  r e su l t s  t ha t  the  predicted p l a t e  

efficiency can be obtained i n  an experimental device i n  s p i t e  of 

the  f a c t  t h a t  the experimental beam is  not perfect. 

do not flow pa ra l l e l  t o  the sole  and c i rcu i t  i n  crossed-fields then 

they undergo cycloidal motion. 

cu i t  and sole and t h e i r  veloci t ies  between a maximum near t h e  c i r -  

cu i t  and a m i n i m  near the  sole. This type of motion i n  the  beam 

makes it somewhat more l ike ly  tha t  electrons collected on the c i r cu i t  

If a l l  electrons 

The electrons osc i l l a t e  between cir-  



w i l l  be collected a t  higher veloci t ies  than predicted, thus degrad- 

ing electronic efficiency. 

by a cycloiding beam also tends t o  reduce rf losses as i n  t5e cal- 

culated case. 

a t ion  of electronic efficiency from a well  focused but not perfect 

beam can be eliminated by operating a t  a higher electronic efficiency, 

The experimental device is  operated a t  an electronic efficiency of 

about 92 percent a s  opposed t o  the  calculated optimum value of 90 

percent. 

T h i s  degradation of electronic efficiency 

Based on the t e s t  resu l t s  it appears t h a t  the degrad- 

Due t o  the low dr ive i n s t a b i l i t i e s  caused by match, additional ampli- 

f i e r  character is t ics  a re  presented a t  reduced output pmer (reduced 

ib,. Figure 14 shows the rf dynamic range of t he  device a t  midband 

and the 2 kw saturated output power level.  The amplifier demon- 

s t r a t e s  greater than 40 db l inear  rf dynamic range t o  3 db below 

saturation. 

and the second harmonic output power i s  a m i n i m u m  of 34 db below the 

fundamental. 

d i rect ly  re la ted t o  match arii should be greatly improved (reduced 

15 db at  highest level)  with an improved match. 

The s ignal  t o  noise r a t i o  rises t o  52 db a t  saturat ion 

It should be added t h a t  the background noise leve l  i s  

2 2  Figure 15 shows the phase l inear i ty ,  6 @/6fo of the  f i n a l  experi- 

mental amplifier a t  the  2 kw saturated output power level.  

3 db bandwidth i s  about 2 0 0  Me, well i n  excess of t he  desired 

30 MH5. 

The 

2 2  Over the  desired bandwidth, 6 (6/6fo reaches a maximum of 
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2 
about .08O/MHz 

i n  the output power are  both almost ent i re ly  due t o  match and not 

t he  basic crossed-field interaction. 

The phase non-lfnearity as w e l l  as the  f i n e  grain 



SECTION 8 

FVALUATION OF' EFFICIENCY ENHANCEMENT TECHNIQUES 

This work evaluates certain techniques f o r  enhancement of the 

efficiency of a normal IBCFA which are not as conventional as 

the addition of a depressed collector.  

techniques is phase focusing. 

a more qual i ta t ive discussion of phase focusing. 

type of phase focusing which is evaluated here is  an attempt t o  

compensate f o r  changes in c i rcu i t  velocity due t o  beam influence 

on the rf wave propagation. 

The first of these 

The work preceeding this '  gives 

The specific 

The second technique f o r  efficiency enhancement which i s  evaluated 

is beam prebunching. 

tudinal bunches within the beam before the  beam is injected in to  

the main amplification region. 

in the ini t ia l  small signal region of the delay l ine ,  but it 

takes place rather slowly and does not form idea l  bunches. 

the bunches would place a l l  electrons in favorable phase. 

Beam prebunching i s  the formation of longi- 

This process normally takes place 

Ideally 

Elec- 

trons injected i n  wnfavorable phase with the rf wave experience 

forces which cause them t o  absorb rf power, 

a prebunched beam would be more rapid and therefore would have 

fewer rf losses and be more eff ic ient .  

bunching a crossed f i e l d  beam are  evaluated. 

The interaction for  

Several methods of pre- 



The th i rd  efficiency enhancement technique is  potent ia l  limiting. 

Potential  l k i t i n g  limits the amount of power which an unfavorably 

phased electron can absorb by collecting it when it reaches t h a t  

potent ia l  power level.  As previously discussed, the removal of the 

unfavorable electrons make the  crossed f i e l d  interact ion more effi- 

cient.  

mentally e 

This technique i s  evaluated both analytically and experi- 

8.1 Phase Focusing 

Figure 16 shows the hot phase velocity of the f i n a l  amplifier design 

as  a function of interaction length, L. 

percent asynchronism result ing from the effect  of the beam on 

c i r cu i t  propagation. 

f ract ion of a wave length. It i s  concluded t h a t  t h i s  asynchronism 

does not effect  the interaction efficiency since it i s  small and is 

over a short e l ec t r i ca l  distance. 

There is  a maximum of 2.5 

The maximum asynchronism only occurs over a 

8 m2 Beam Prebunching 

Several methods f o r  prebunching a crossed-field beam are evaluated 

i n  t h i s  section. 

t o  the beam f o r  a stronger interaction in the bunching section. 

negative line or line on sole, which gives power t o  the beam t o  

form bunches , is  evaluated as well as some combinations of these two 

delay lines. 

Positive l i ne  beam prebunching is  i l l u s t r a t ed  in Figure 17. 

A normal positive delay l i ne  i s  moved nearer 

A 

The 
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bunching line has a po ten t ia l  between anode and cathode. 

beam is injected very close t o  the bunching line f o r  strong 

interact ion with l i t t l e  power available. The bunches formed by 

th i s  line are  basical ly  the same as those formed i n  the  i n i t i a l  

section of a normal interaction, i . e .  favorable electrons a re  

bunched in to  the most favorable phase and most unfavorable 

electrons remain unfavorable. While the bunches are  not different 

from those in a normal interaction, the process takes place i n  

a much shorter  length and reduces rf losses.  

The 

However, since the 

puwer l eve l  in t h i s  region i s  small, the  losses eliminated here 

are  not too s ignif icant .  

i s  negligible i n  a good basic design. 

The e f f ec t  of t h i s  type of prebunching 

Figure 18 i l l u s t r a t e s  negative l i n e  beam prebunching. The rf 

power on the  negative l i n e  is  absorbed by the beam t o  form 

bunches due t o  the forces exerted by the rf on the beam. These 

bunches a re  a l so  basical ly  the same as normal bunches, however, 

a l l  of the input pmer  is used t o  bunch the beam and a t igh ter  

favorably phased bunch resu l t s .  This improved bunch then makes 

the interact ion i n  the main amplification region more rapid and 

reduces rf losses .  

Figure 19 represents adiabatic, no-space charge computer cal-  

culations of puwer vs interact ion length f o r  the f i n a l  amplifier 

design with and without negative l i n e  beam prebunching. 

f a s t e r  gain rate i n  the high power region is obtained and the 
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rf losses a re  reduced. 

It is  estimated t h a t  a 2-3 percentage point increase i n  a p l a t e  

efficiency of 72.9 percent resu l t s  from the negative line prebunch- 

ing. However, the  length of the output section is  double t h a t  

of the en t i r e  normal l i n e  length. 

increased. 

of the basic assumptions in the optimization of the  f i n a l  amplifier 

design, it i s  believed tha t  t he  2-3 point efficiency enhancement 

could be obtained i n  the  normal design if the  small signal gain 

were allowed t o  increase proportionately. 

not offer  any r e a l  efficiency enhancement poss ib i l i t y  unless the main 

delay l i n e  has a properly phased input power t o  reduce the gain re- 

quired of it, and the resu l t s  a re  not expected t o  be s ignif icant .  

The small s ignal  gain i s  then 

Since the maintenance of low small s ignal  gain was one 

The negative l i n e  does 

Figure 20 i l l u s t r a t e s  the use of both posi t ive and negative l ines  

driven 180 degrees out of phase. 

in a one wave length frame moving a t  synchronous velocity. 

forces on the beam are  directed t o  only bunch the  beam and not t o  

cause any change i n  beam potent ia l .  

rf is  used t o  overcome space charge forces. 

The forces on the  beam are  shown 

The 

All of the power taken from the 

The rf power required on t h i s  type of prebunching l i n e  t o  maintain 

a bunch of a given s i z e  about the most favorable phase i s  sham i n  

Figure 21 e 

direction of Bo) model of the beam and the thickness i s  constant. 

The absolute power of course depends on the beam and c i r cu i t s  used, 

and Figure 21 shows only the dependence on bunch size. For the 

The power i s  calculated using a charged rod (in the 
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beam and c i r c u i t  type of the f i n a l  amplifier design the rtXLnbnxn 

power leve l  f o r  a single bunch i s  of the order of 1 kw which is 

much t o o  high t o  be useful. 

the one wave length bunch s i ze  indicates t h a t  unfavorable elec- 

trons w i l l  be l e f t  i n  tha t  condition i n i t i a l l y ,  and favorable 

and unfavorable bunches w i l l  be formed a t  more reasonable power 

l eve ls  much the same as a normal interaction. 

efficiency increases are  not expected from t h i s  type of pre- 

bunching. 

The increase i n  required power a t  

Significant 

Figure 22 i l l u s t r a t e s  the f i n a l  method of beam prebunching. 

bunching section i s  a posit ive l i ne  opposed t o  a negative l i n e  

being driven i n  phase. Again the forces on the beam axe ahown 

i n  a one-wave length synchronously moving frame. 

beam increases i n  potent ia l  and half decreases result ing i n  no 

The 

Half of the 

net pwer exchange. 

electrons are  collected on the negative l i ne  and the remaining 

half-wave length, favorably phased bunch i s  injected in to  %he 

main interact ion region. This method offers  the poss ib i l i t y  of 

increasing the gain r a t e  i n  the main interact ion region by many 

times and reducing the rf losses quite substant ia l ly .  

calculations a re  needed t o  determine t o  what extent the idea l  

half-wave length bunch can be formed and i f  the losses i n  the 

negative l i ne  attenuator can be made insignif icant .  

HopefLLly most of the unfavorably phased 

Further 
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8 3 Potential  Limiting 

Figure 23 i l l u s t r a t e s  potent ia l  limiting. 

electrodes ac t  as dis t r ibuted depressed collectors. 

efficiency of these electrodes thus becomes qui te  important since 

The potent ia l  l imit ing 

The col lect ion 

the technique is used t o  enhance the efficiency of a device which 

already has an e f f i c i en t  depressed collector. The potent ia l  limit- 

ing electrodes (distributed depressed col lector)  confine the favor- 

ably phased electrons t o  the interact ion space and exert forces t o  

col lect  t he  unfavorably phased electrons when they reach a prescribed 

potent ia l  level ,  and hence increase interact ion efficiency. 

This technique f o r  efficiency enhancement was evaluated experiment- 

a l ly  and the r e s u l t s  compared t o  predictions made f o r  a col lector  

efficiency equal t o  qe (Figure 24). 

between predicted increases i n  output power f o r  the current col- 

lected by the potent ia l  l imit ing electrodes. 

of t h e  beam collected on the  potent ia l  l imiting electrode gives 

a measured and predicted 4 percent increase i n  output power. How- 

ever, the power output does not continue t o  increase f o r  potent ia l  

l imit ing voltages more posit ive than cathode, as predicted. This 

f a c t  is  due t o  the  collection of favorable electrons a t  cathode 

potent ia l  i n  the r e a l  beam where the  analyt ical  model confines 

favorable electrons to  be more posit ive than Vo and therefore does 

not allow col lect ion a t  cathode potential .  

There is a good agreement 

Twenty-f ive percent 
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The difference between the l imiting poten t ia l  predicted and 

measured f o r  a given potent ia l  l imiting current represents the 

power l o s s  added t o  the  V o $ ~  l o s s .  

causes the  actual  col lector  efficiency of these electrodes t o  

be reduced f rom t h e q e  value. 

creases with the lbni t ing poten t ia l  (Fig. 25) .  

cathode poten t ia l  (where interact ion efficiency increase i s  

maxim) the  col lector  efficiency i s  80 percent. 

This added dissipation 

This col lector  efficiency in- 

In t h i s  case, a t  

In the above case the rf losses a re  reduced and the col lector  

losses increased resul t ing i n  almost no change i n  p la te  effi-  

ciency. Further study i s  needed t o  determine i f  operation a t  

higher gain r a t e s  or operation where space charge i s  more in- 

f l u e n t i a l w i l l  change the above r e su l t .  The most appropriate 

use of this technique would seem t o  be on a device without a 

depressed col lector  or as a technique f o r  eliminating the col- 

l ec tor  elements between cathode and sole  i n  the present device. 

Potent ia l  l imiting a t  cathode experimentally increases the  

eff ic iency by 48 percent over the device without any col lector  

The efficiency enhancement techniques discussed here offer  the 

poss ib i l i ty  of operating a t  about the same efficiency but with 

a l m e r  value of the space charge parameter. A lower value of 

S tends t o  decrease s t a b i l i t y  problems and l inear ize  gain. 

These techniques should be studied i n  t h i s  regard rather  than 

as  efficiency enhancement techniques 
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SECTION 9 

SUMMARY OF RESULTS 

This report  examines the  design of an injected beam crossed-field 

amplifier (IBCFA) including a t en  stage depressed col lector  s u i t -  

able f o r  spaceborne communications applications. The emphasis is  

on l o w  cathode loading fo r  long l i f e  (greater than 2 years), the  

capabi l i ty  of 5 kw cw output power with conduction cooling a t  

2 GHz with a 3 db bandwidth of a t  l e a s t  30 MHz, 16 db gain, and 

the  highest possible efficiency. 

is  desired, techniques other than the ten stage depressed col lect-  

or  a re  a l so  evaluated with respect t o  the i r  application t o  eff i -  

ciency enhancement. 

Since highest possible efficiency 

A very wide slow-wave c i r c u i t  (approximately one-half wave length) 

is  used i n  the amplifier design. 

c i r c u i t  provides the necessary thermal dissipation capabili ty and 

maintains l o w  cathode loading. 

indicates t ha t  the c i r cu i t  used has l o w  rf losses f o r  highly eff i -  

c ien t  operation 

The exceptional width of t h i s  

The design procedure described 

The t en  stage col lector  i s  predicted t o  make available more than 

90 percent of the kinet ic  power i n  the spent beam available f o r  

collection on depressed electrodes. The col lector  i s  a l so  pre- 

dicted t o  recover 90 percent of the potent ia l  power i n  the spent 

68 



beam. 

collector performance i s  ver i f ied with an overal l  collector effi-  

ciency of 87.2 percent f o r  a predicted 89.1 percent. 

In the  low duty demountable experimental amplifier, the 

The amplifier design including the ten  stage col lector  is  a l so  

ver i f ied i n  the  l o w  duty demountable amplifier,  The p l a t e  effi- 

ciency, i .e .  overal l  efficiency, was measured. a t  65.8 percent as 

compared t o  a predicted 72.9 percent. The discrepancy is  account- 

ed f o r  by poor match and increased attenuation due t o  brazes which 

can be eliminated. The 3 db bandwidth is  demonstrated t o  be a t  

l e a s t  5 times greater  than the desired 30 MHz a t  2 GHz. 

A t  reduced output power and gain (reduced beam current) the  

experimental amplifier demonstrates greater  than 40 51.b linear 

rf dynamic range t o  3 db below saturat ion with a s ignal  t o  noise 

r a t i o  r is ing t o  52 db and the second harmonic power output a 

min5.m.m of 34 db down f romthe  fundamental. 

is  measured t o  be 0e080/MH82 maximum over the 30 MHz desired 

bandwidth a t  a power l eve l  of 2 kW. 

primarily affected by the c i r cu i t  match. 

The phase l i n e a r i t y  

The phase l i n e a r i t y  i s  

Phase focusing by changing the c i r cu i t  veloci ty  t o  reduce a s p -  

chronism caused by beam ef fec ts  on the c i r cu i t  propagation is  

found t o  be a negligible value. 

improvements, but needs fur ther  study f o r  complete evaluation. 

Beam prebunching leads t o  minor 

Potent ia l  l imiting is  found t o  be of great value f o r  eliminating 

col lector  elements between sole  and cathode potent ia l  and f o r  
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increasing the eff ic iency of amplifiers without e f f i c i en t  col lectors .  

Potent ia l  l imiting does not a f fec t  the eff ic iency of the amplifier 

design including a ten stage collector as  presented. 

efficiency of a s e t  of pokential l imiting electrodes i n  the ex- 

perimental amplifier is  greater than 80 percent a t  cathode poten t ia l  

which i s  the optburn operating point.  

perimental amplifier is  increased 4 percent by these poten t ia l  

l imit ing electrodes. The poten t ia l  l imiting electrodes r e su l t  i n  

a 48 percent increase i n  amplifier efficiency over the amplifier 

without any col lector .  

The col lector  

The output power of the  ex- 



SECTION 10 

DEVICE IMPROVEMENT 

AU. of the eff ic iency enhancement techniques examined in t h i s  work 

r e su l t  in small improvement (M 2 percentage points) a t  bes t  except 

beam prebunching similar t o  poten t ia l  l imiting. Howeverl t h i s  

l a t t e r  technique needs additional analysis before i t s  f u l l  po- 

t e n t i a l  can be estimated. 

The basic reason tha t  most efficiency enhancement techniques le& 

t o  l i t t l e  improvement i s  t h a t  they tend t o  improve the weak in te r -  

action region. 

the c i r c u i t )  the losses a re  not very s ignif icant  and conssequently 

cannot affect  overal l  efficiency t o  any great  extent. 

In t h i s  weak interact ion region ( f i r s t  par t  of 

One approach t o  improving t h i s  device is a study of the various 

efficiency enhancement techniques from the point of view of in-  

creasing the upper limit of the l i nea r  rf dynamic range of the 

device. A s  indicated in  the optimization studies,  increasing 

t h i s  useful rf dynamic range r e su l t s  i n  a s ac r i f i ce  of overall  

efficiency, or increasing the saturated gain while maintaining 

a given useful  rf dynamic range r e su l t s  i n  a sacr i f ice  of over- 

a l l  efficiencys 

creases overall  efficiency only s l ight ly ,  bu.t a l so  increases the 

useful rf dynamic range o r  saturated gain, then more substant ia l  

If an efficiency enhancement technique in-  
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efficiency enhancement can be expected f o r  the  same gain and useful 

rf dynamic range. 

It follows from the above discussion tha t  another approach t o  im- 

proving the overal l  eff ic iency of the device i s  t o  give up saturated 

gain o r  useful  rf dynamic range. 

about one percentage point in overall  efficiency cap be gained per 

db of reduction in salmrated gain while maintaining the same use- 

ful rf dynamic range. 

Rough estimates indicate t h a t  

The best  approach t o  improving t h i s  device i s  i n  finding a method f o r  

removing the requirement t o  include d i e l ec t r i c  i n  the c i r cu i t .  

Other c i r cu i t s  (resonant cavity types in parkicular) should be ex- 

amined with t h i s  d ie lec t r ic  requirement i n  mind. Other methods of 

heat t ransfer ,  such as heat pipes, should be examined as methods of 

removing the need f o r  d i e l ec t r i c  i n  the  Karp c i r c u i t ,  

may lead t o  eff ic iencies  as much as 10 percentage points higher. 

Note the severe res t r ic t ions  tha t  the use of d i e l ec t r i c  imposed on 

the c i r c u i t  qua l i ty  fac tor  and available c i r cu i t  width i n  the op- 

timization studies.  

This approach 
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SECTION 1 1 

SYMBOLS 

a 

0 
B 

B.W. 

C 

D 

E 

931 

%2 

Ef 

EO 

cn E 

E 
g 

E 

E 

E 

E 

f 

H 

max 

PL 

s a  

so 

0 

i 

sole t o  l ine gap 

dc magnetic f i e l d  

3 db bandwidth 

velocity of l i gh t  

gain parameter 

potent ia l  r e l a t ive  t o  cathode 

dc e l e c t r i c  f i e l d  a t  col lector  elements 

peak accelerator t o  cathode voltage 

anode t o  cathode voltage 

nth col lector  t o  cathode voltage 

filament t o  cathode voltage 

grid t o  cathode voltage 

dc e l ec t r i c  f i e l d  i n  the  interact ion region 

maximum dc e lec t r ic  f i e l d  without arcing 

potent ia l  l imit ing electrode t o  cathode voltage 

sole  to  anode voltage 

sole  t o  cathode voltage 

operating frequency 

beam width i n  the  direct ion of magnetic f i e l d  

peak current 

peak beam current 

peak accelerator current 
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i b 2  

If 

cn i 

i 

i 

i 

J 

K 

K 

L 

N 

n 

g 

PL 

so 

0 

Pcol 

Pin 

PO 

Q 

S 

X 

X 
0 

V e 

P 
V 

0 
V 

a 

a 
T 

peak anode current 

nth col lector  peak 

filament current 

current 

peak 

Peak 

peak 

beam 

grid current 

potent ia l  l imiting electrode current 

so le  current 

current density 

electronic efficiency degradation fac tor  

interact ion impedance 

interact ion length 

t o t a l  number of collectors 

collector number from so le  

peak input power t o  the col lector  region 

peak rf input power 

peak rf output power 

2rr times the r a t i o  of energy stored t o  energy 
dissipated per cycle 

space charge parameter 

posit ion measured from the sole 

beam center measured from the  sole  

electron average o r  d r i f t  velocity 

c i r cu i t  phase velocity 

beam voltage r e l a t ive  t o  cathode 

c i r c u i t  attenuation i n  db per wavelength 

t o t a l  rf losses on the slow-wave c i r cu i t  
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B 

€ 
0 

% o l  

“e 

h 

P 

w 
C 

w 
P 

c i r cu i t  propagation constant 

phase s h i f t  per c e l l  r e l a t ive  t o  180’ 

permitt ivity of f r e e  space 

electron charge t o  mass r a t i o  

collector efficiency 

electronic efficiency 

p la te  efficiency (overall  efficiency) 

wavelength of c i rcu i t  wave 

beam space charge density 

rf phase s h i f t  

cyclotron frequency 

beam plasma frequency 
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APPEEJDM A 

OFT’IMUM RELATIVE BEAM I N J E C T I O N  PQSITION 

From the  condition of synchronism, we can write the  product Pa i n  

terms of the frequency, the dc magnetic f ie ld ,  the beam voltage and 

the  s o l e  t o  l i ne  voltage. 

Pa = 2rrfo (-Es,>/~2qBoVo) 

q i s  the  electron charge t o  mass ra t io ,  

The r e l a t ive  beam inject ion position, xo/a, can -e  wr en in % e m  

of the  anode voltage, the so le  t o  l i n e  voltage and the beam voltage. 

Using the  def ini t ion of q, = 1 - Vo/\2, the  qyantit ies @a and 2Px0 

can now be writ ten i n  terms of xo/a. 

sinh2 Pxo 

a 
- 

The term we seek t o  maximiae can be writ ten i n  terms of xo/a. 
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Different ia t ing the above equation with respect t o  xo/a and se t t ing  

the r e s u l t  equal t o  zero leads t o  the  following relation. 

tanh 
b,/a> 

Using the  f a c t  t ha t  the argument of the tanh function is  small and 

tanhe = 8 f o r  small 8, a simple cubic equation i s  obtained. 

2(x0/a)3 - (xo/aI2 + 2(xo/a) - I = o (A- 7) 

Factoring the  above equation we f ind  only one r e a l  root, xo/a = .5. 
This leads t o  the following maximum value f o r  t he  term i n  question 

a t  xo/a = .5 
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APPENDIX B 

OPTIMUM BEAM VOLTAGE 

Assuming xo/a = .5 and fl = E- IrO 2qV and a l l  other parameters of 

equation (k-6) a re  fixed, the r ight  hand s ide of equation (4-6) can 

0. 
be writ ten i n  terms of V 

I I, 

Differentiating and se t t ing  the resu l t  equal t o  zero leads t o  the  

following re la t ion  f o r  the optimum Vo f o r  minimuma/po. 

The solution t o  the above equation i s  f o r  the  argument of tanh = 0,  

However, the equation i s  valid within 1 percent f o r  the  argument 

l e s s  than or  equal t o  0.2. 

ing solution f o r  the optimum Voe 

This approximation leads t o  the follow- 
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APPENDIX C 

I;AMINAR BEAM POTENTIAL PROFILE 

It i s  well known t h a t  the condition f o r  p a r a l l e l  electron flow 

(laminar flow) i n  crossed f i e l d s  i s  t h a t  w = w where w is  the 

plasma frequency and wc is  the cyclotron frequency. 

i n i t i o n  of the above quantit ies,  w 

space charge density can be writ ten i n  terms of Po and q. 

P C  P 
From the  def- 

= LP) 
P C  

implies t ha t  the  beam 

2 
P = EorlBo 

The current A i  i n  the region x1 t o  x2 where x i s  measured from the 

s o l e  can be wri t ten i n  terms of t h e  beam width H and the beam current 

density J. 

x2 

Ai = "i, I Jdx 

&pressing J i n  terms of potent ia l  E r e l a t ive  t o  cathode and space 

charge density p, equation ((3-2) can be rewritten. 

For a laminar dx/dE can be found. 

dx/dE = 1/v2QB 0 2E 

Using equations (C-1) and (C-4), equation (C-3) now reduces t o  a 

simple form. 
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Equation (C-5)  gives the desired r e su l t  f o r  a laminar beam. 

Ai/AE = HcoqBo (e-6 1 
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